Abstract. GTI-2040 is a potent antisense to the M2 subunit of the ribonucleotide reductase (RNR), an enzyme involved in the de novo synthesis of nucleoside triphosphates. We hypothesized that combination of GTI-2040 with the cytarabine (Ara-C) could result in an enhanced cytotoxic effect with perturbed intracellular deoxynucleotide/nucleotide (dNTP/NTP) pools including Ara-C triphosphate (Ara-CTP). This study aims to provide a direct experimental support of this hypothesis by monitoring the biochemical modulation effects, intracellular levels of Ara-CTP, dNTPs/NTPs following the combination treatment of Ara-C, and GTI-2040 in K562 human leukemia cells. GTI-2040 was introduced into cells via electroporation. A hybridization-ligation ELISA was used to quantify intracellular GTI-2040 concentrations. Real-time PCR and Western blot methods were used to measure the RNR M2 mRNA and protein levels, respectively. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt assay was used to measure the cytotoxicity following various drug treatments. A non-radioactive HPLC-UV method was used for measuring the intracellular Ara-CTP, while a LC-MS/ MS method was used to quantify intracellular dNTP/NTP pools. GTI-2040 was found to downregulate M2 mRNA and protein levels in a dose-dependent manner and showed significant decrease in dNTP but not NTP pool. When combining GTI-2040 with Ara-C, a synergistic cytotoxicity was observed with no further change in dNTP/NTP pools. Importantly, pretreatment of K562 cells with GTI-2040 was found to increase Ara-CTP level for the first time, and this effect may be due to inhibition of RNR by GTI-2040. This finding provides a laboratory justification for the current phase I/II evaluation of GTI-2040 in combination with Ara-C in patients with acute myeloid leukemia.
INTRODUCTION
Ribonucleotide reductase (RNR), a highly regulated enzyme involved in the de novo synthesis of 2′-deoxyribonucleotides, plays a critical role in nucleoside metabolism (1, 2) . RNR catalyzes the reduction of ribonucleotides (ADP, GDP, UDP, and CDP) to their corresponding deoxyribonucleotides (dADP, dGDP, dUDP, and dCDP), and this process is the ratelimiting step required for DNA replication (3) . Human RNR consists of two subunits. The M1 subunit contains a substrate binding site, an allosteric site, and a redox active disulfide. The M2 subunit contains an oxygen-linked non-heme iron center and a tyrosine residue. Both M1 and M2 subunits are essential for catalytic activity (4, 5) . M2 protein is only expressed during the late G1/early S phase essential for DNA synthesis and repair, while M1 protein level remains relatively stable throughout the cell cycle (5) . It has been found that overexpression of M2 protein is associated with malignant and metastatic status of tumor cells. Inhibition of RNR induces imbalance of ribonucleotide and deoxyribonucleotide levels, leading to the inhibition of DNA synthesis and repair and to the induction of cell cycle arrest and apoptosis (6) . For this reason, M2 is an excellent target for anticancer drugs development (7, 8) .
A number of RNR inhibitors, such as hydroxyurea, gemcitabine, and antisense GTI-2040, have been developed (8, 9) . GTI-2040, a 20-mer oligonucleotide complementary to the coding region of M2 mRNA with the sequence of 5′-GGCTAAATCGCTCCACCAAG-3′, is designed to bind to M2 mRNA, resulting in the recruitment of RNase H which in turn induces the cleavage of the drug-mRNA complex and degradation of the target mRNA. In vitro studies have demonstrated that treatment of GTI-2040 in a variety of tumor cell lines, such as human H460 lung carcinoma, human T24 bladder cancer, and murine L cell lines, with GTI-2040 led to a sequence-and target-specific downregulations of M2 RNR mRNA and protein levels (7) . In mice bearing Burkitt's lymphoma, GTI-2040 treatment greatly increased their survival rate (7) . A phase I clinical evaluation of GTI-2040 was conducted (10) , and its clinically safe doses were established. Since RNR mediates reduction of ribonucleotides, it is expected that its inhibition by GTI-2040 should result in alteration of intracellular dNTP levels and such could provide potential combination treatment strategies with antimetabolite drugs that modulate DNA synthesis and potentiate their antitumor activity.
Ara-C is a widely used antimetabolite for the treatment of acute leukemia (11, 12) . Inside the cell, Ara-C needs to be phosphorylated to Ara-C triphosphate (Ara-CTP) by deoxycytidine kinase to compete with dCTP for incorporation into DNA. This incorporation causes DNA synthesis inhibition and cell death (13) . If intracellular dNTP levels, especially dCTP, are reduced, an increase in Ara-CTP level is expected, leading into an increased antitumor activity of Ara-C (Fig. 1) . Based on this rationale, a phase I study of GTI-2040 in combination with Ara-C for the treatment of acute myeloid leukemia (AML) was carried out at this institution (14) . This study has demonstrated that GTI-2040 and Ara-C can be safely given to AML patients (10) . However, the experimental verification of their biochemical modulation following combination therapy remains to be illustrated. Herein, we developed a non-radioactive HPLC-UV assay to quantify cellular Ara-CTP levels for evaluation of the combination effect of GTI-2040 with Ara-C in human leukemia cell line K562 in order to provide a direct experimental support for the above rationale. This was coupled to the use of a newly developed sensitive LC-MS/MS method (11) to probe the perturbation of intracellular dNTP pools inside the cells.
Additionally, intracellular levels of GTI-2040, M2 mRNA, and M2 protein were determined to further examine the mechanism of action of GTI-2040. This information will be critical in optimizing dosing regimen for future clinical trials.
METHODS

Chemicals and Reagents
Ara-C 5′-triphosphate was purchased from Jena Bioscience (Jena, Germany). 7-Deaza-2′-deoxyguanosine 5′-triphosphate lithium salt (7-deaza-dGTP), potassium chloride (KCl), and potassium phosphate monobasic (KH 2 PO 4 ) were obtained from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade methanol and acetonitrile were purchased from Fisher Scientific (Pittsburgh, PA, USA). Sodium acetate was obtained from Sigma. Deionized water for HPLC analysis was obtained from a Milli-Q system (Millipore, Bedford, MA, USA). GTI-2040 and Ara-C were provided by the National Cancer Institute (Bethesda, MD, USA) and used without further purification.
Cell Culture
The human leukemia cell line K562 was obtained from American Type Culture Collection (Manassas, VA, USA). Cells were cultured in RPMI 1640 media (Supplied by Tissue Culture Shared Resource, Comprehensive Cancer Center, The Ohio State University, Columbus, OH, USA) supplemented with 10% fetal bovine serum (Invitrogen, Rockville, MD, USA), L-glutamine (Invitrogen), and penicillin-streptomycin antibiotics (Gibco, Rockville, MD, USA). The cell line Fig. 1 . Diagrammatic rationale for the combination of GTI-2040 with Ara-C in leukemia cells. GTI-2040 inhibits ribonucleotide reductase (RNR), which causes depletion of dNTP and NTP pools, hence allowing phosphorylated Ara-C (Ara-CTP) to be incorporated into DNA resulting in DNA synthesis inhibition and apoptosis was maintained at 37°C in a humidified environment with 5% CO 2 . Viability and cell counts were determined using trypan blue dye exclusion assay (15) . GTI-2040 was initially introduced into cells using a neophectin transfecting agent and later with an electroporation device (Bio-Rad Lab, Hercules, CA, USA).
Determination of Intracellular GTI-2040 Concentrations by a Hybridization-Based ELISA K562 cells (5×10 6 ) were treated with GTI-2040 at 0, 1, 5, 10, and 20 μM for 24 h using an electroporation delivery technique. After 24 h, cells were harvested and intracellular GTI-2040 levels were measured using a previously developed two-step hybridization-ligation ELISA assay (16) . Briefly, GTI-2040 was first base-paired to the capture probe in a polypropylene 96-well plate. Ten percent Triton X-100 was added to the mixture solution and incubated at 42°C for 2.5 h for hybridization. The resulting solution was transferred to a NeutrAvidin-coated 96-well plate, which was incubated at 37°C for 30 min to ensure the attachment of biotin-labeled capture probe to NeutrAvidin-coated wells. After washing six times, the ligation solution containing T4 ligase and detection probe was added to each well followed by the addition of S1 nuclease solution. The reaction was blocked with Superblock buffer (Pierce, IL, USA). Anti-digoxigenin-alkaline phosphatase was then added into each well. Following addition of substrate solution (36 mg Attophos in 60 mL diethanolamine buffer), fluorescence intensity was measured at Ex 430/Em 560 (filter=550 nm) using a Gemini XS fluorescence microtiter plate reader (Molecular Devices, Sunnyvale, CA, USA).
RNA Isolation and RT-qPCR
To measure intracellular M2 mRNA level, 5× 10 6 K562 cells were treated with GTI-2040 at 0, 5, 10, and 20 μM for 24 h. In the combination study, 5×10 6 K562 cells were first treated with GTI-2040 alone at 10 μM for 24 h followed by continuous treatment with Ara-C at concentrations of 5, 10, and 20 μM for an additional 48 h, while the GTI-2040 exposure was maintained. Total RNA was isolated using Trizol reagent (Invitrogen). Briefly, cell lysate was treated with chloroform, and the total RNA was precipitated with isopropyl alcohol, followed by a washing step with 75% ethanol. RNA was then dissolved in RNase free water, and its concentration and purity was measured by a Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). cDNA was synthesized from 2 μg total RNA using Moloney murine leukemia virus reverse transcriptase (Invitrogen). The cDNA templates and primers were then mixed with reagents from a SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Reactions were carried out in triplicate in ABI prism 7700 sequence detector (Applied Biosystems), and data were analyzed by comparative CT method. Dissociation curves were also obtained to examine the purity of the amplified products. The amount of M2 mRNA in each sample was normalized with respect to an internal control, abl. The relative changes in treated groups were expressed as a percentage of untreated control (arbitrarily set at 1). The results were expressed as the mean ± SD from triplicate determinations.
Western Blot Analysis
K562 cells ( 5×10 6 ) were treated with GTI-2040 as a single agent at 0, 1, 5, 10, 20, and 30 μM for 24 h. In the combination study, 5×10
6 K562 cells were first treated with GTI-2040 alone at 10 μM for 24 h followed by Ara-C continuous exposure at concentrations of 5, 10, and 20 μM for 48 h. Cells were then harvested, washed with 1 mL icecold PBS, and centrifuged at 1,000×g for 5 min at 4°C. The pellet was obtained and re-suspended in 100 μL lysis buffer (50 mM Tris-HCl (pH 7.6), 250 mM NaCl, 5 mM EDTA, 2 mM Na 3 VO 4 , 50 mM NaF, and 1% protease inhibitor cocktail; P8340, Sigma) for 30 min on ice. The lysate was sonicated for 10 s. Total protein concentration was determined using the BCA protein assay method (Pierce, Rockford, IL, USA). Equal amounts of protein for each sample were incubated with 6× SDS loading buffer (100 mM Tris (pH 6.8), 200 mM DTT, 4% SDS, 20% glycerol, and 0.015% bromphenol blue) and boiled for 5 min. The proteins were then separated on 15% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Amersham, Piscataway, NJ, USA). The M2 protein was recognized following treatment with a goat antihuman M2 polyclonal antibody (E-16; Santa Cruz Biotechnology, Santa Cruz, CA, USA) as the first antibody, followed by a horseradish peroxidase conjugated anti-goat IgG secondary antibody. M2 protein (MWT 45,000 Da) was detected by ECL (Amersham, Arlington Heights, IL, USA), and GAPDH was used as the internal loading control. M2 protein expressions were quantified by densitometry and normalized to GAPDH.
Determination of Intracellular dNTP and NTP Pools
K562 cells (10×10 6 ) each were treated either with Ara-C alone at concentrations of 5, 10, and 20 μM for 24 h, or pretreated with GTI-2040 at 10 μM and 24 h later treated with continuous exposure of Ara-C at concentrations of 5, 10, and 20 μM for 48 h. Cells were then lysed and dNTPs/NTPs were extracted and quantified by our previously published method (17) . Briefly, cells were counted and monitored for viability using trypan blue exclusion test before extraction. Following centrifugation at 1,000×g for 5 min, cell pellets were washed with phosphatebuffered saline (PBS) and deprotonized with an addition of 1 mL 60% methanol. The resulting solution was vortexmixed for 20 s, incubated in −20°C for 30 min, and sonicated for 15 min in an ice bath. Cell extracts were centrifuged at 1,000×g for 5 min at 4°C, and the supernatant was separated and dried under a stream of nitrogen. The residues were reconstituted with 300 μL of water, vortex-mixed for 20 s, and the cell extracts were centrifuged at 1,000×g for 5 min at 4°C. A 50-μL aliquot of the resulting supernatants was injected into an ion-trap LC-MS/MS system (LCQ, Thermo Scientific, San Jose, CA, USA) for dNTP and NTP measurements.
Growth Inhibition Assay
To evaluate the growth inhibitory effect of GTI-2040 and Ara-C on K562 cells, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) cytotoxicity assay was performed. GTI-2040 was introduced into K562 cells by using either neophectin transfecting agent or with an electroporation device. Briefly, cells were seeded into 96-well plates, and the cells were pretreated with fixed concentrations 5 or 10 μM of GTI-2040 for 24 h. Increasing concentrations of Ara-C at 0.01, 0.1, 1, 10, and 100 μM were then added, and the incubation was continued for 72 h. In a reverse sequence, K562 cells were pretreated with a fixed concentration 1 μM of Ara-C for 24 h, then graded concentrations of GTI-2040 at 1, 3, 10, 30, and 100 μM, were added, and the incubation was continued to 72 h. Afterward, 20 μL of MTS and phenazine methosulfate (Promega, Madison, WI, USA) was added to each well in a 20:1 ratio. After 2 h incubation, the absorbance was read at 490 nm on a microplate reader Germini Xs (Molecular Devices, Sunnyvale, CA, USA) to determine levels of formazan product as a measure of cell viability against a non-drug treated control. Determination of IC 50 values was performed using WinNonLin software (Pharsight, Mountain View, CA, USA). Isobologram analysis was done using the combination index values based on the Chou-Talalay method (18)
HPLC Method for Ara-CTP Determination and Method Validation
Ara-CTP in the cell matrix was separated on a Partisil-10 SAX anion exchange, 4.6 mm×25 cm, 10 μm particle size column (Whatman, Inc., Clifton, NJ, USA) coupled to a 5-μm SAX hypersil 10 ×4-mm drop-in guard column (Thermo Scientific, San Jose, CA, USA). An isocratic elution program with a mobile phase consisting of 0.35 M KH 2 PO 4 and 0.15 M KCl in ultra-pure water at a flow rate of 1.5 mL/min at room temperature was used for the separation. To assure the stability of cell extracts, the autosampler temperature was set at 4°C throughout the analysis. The absorbance of eluted compounds was monitored at 280 nm by a SPD-10A detector. Peak areas or peak heights were quantitated with EZStart software. The rate of increase appeared to be first order with respect to the exposure concentration a regression coefficient of 0.9855 Fig. 3 . GTI-2040 reduces M2 mRNA expression in K562 cells alone (a) in a dose-dependent manner. Ara-C had no effect on M2 mRNA expression alone or no further reduction in M2 mRNA expression caused by 10 μM GTI-2040 (b). M2 mRNA levels were normalized by abl and are presented as the percentage of the untreated control. Vertical bars represent mean ± SD from triplicate experiments and compared with the control with asterisks showing p<0.05 Fig. 4 . GTI-2040 decreases M2 protein expression in K562 cells. a M2 protein levels were decreased by about 60% following GTI-2040 treatment at concentrations >10 μM. b Ara-C alone had no effect on M2 protein levels, and addition of various concentrations of Ara-C did not contribute to further reduction of M2 protein levels caused by pre-incubation with GTI-2040 at 10 μM. M2 protein levels were quantified by densitometry and expressed as the ratios over the loading control GAPDH The linearity was assessed at the concentration range of 0.2 (2 pmol/10 6 cell)-50 μg/mL (500 pmol/10 6 cell) of Ara-CTP in cellular matrices. Within-day and between-day accuracy and precision were determined at 0.5 (5 pmol/10 6 cell, low-quality control), 5 (50 pmol/10 6 cell, medium-quality control), and 50 μg/mL (500 pmol/10 6 cell, high-quality control), and these concentration ranges were chosen to cover the range of Ara-CTP levels in leukemia patients (19) (20) (21) (22) (23) . The within-day precision was determined with six replicates, and the between-day precision was determined across three QCs at six different days. The accuracy was assessed by comparing the nominal concentrations with the corresponding calculated concentrations based on the calibration curve. The precision of the assay was calculated by comparing the standard deviation (SD) of the determined concentrations. The specificity of assay was evaluated by comparing the retention times of blank cell matrices with that spiked with 10 μg/mL Ara-CTP and 10 μg/mL of the internal standard.
Ara-CTP Extraction and Determination
K562 cells were used for this study, based on the previous reports that demonstrated that significant accumulation of Ara-CTP following incubation with Ara-C (24,25);
10×10
6 K562 cells were treated with 10 μM Ara-C for 0, 1, 2, 3, 4, 6, 8, and 24 h and then at 4 h, treated with 1, 5, 10, and 20 μM. For combination study, 10×10 6 K562 cells were pretreated with GTI-2040 at 0, 1, 5, 10, and 20 μM for 24 h followed by the 10 μM Ara-C treatments for 4 h. After treating with trypan blue dye and counting with a hemocytometer, cells were centrifuged and the harvested pellets were washed three times with cold PBS. Ara-CTP was extracted using the same extraction method for dNTP/NTP as described above. A 50-μL aliquot of the final resulting supernatant was injected into HPLC-UV system for Ara-CTP measurement.
RESULTS
Determination of GTI-2040 Concentrations in Human Leukemia K562 Cells
In order to confirm the uptake of GTI-2040 into cells, intracellular GTI-2040 levels were determined. Following the exposure of K562 cells to GTI-2040 at 1, 5, 10, and 20 μM for 24 h, GTI-2040 cellular concentrations were found to be 168.4 ±66.8, 373.1±59.5, 1,074±66, and 1,843±131 pmol/10 6 cells (mean ± SD, n=3), respectively (Fig. 2) . Thus, intracellular GTI-2040 content was found to increase with an increase in Fig. 5 . Perturbation of intracellular dNTP/NTP pools by GTI-2040 and Ara-C. K562 cells were treated with GTI-2040 at the indicated concentrations in the absence and presence of GTI-2040. a GTI-2040 at 10 μM reduced levels of dTTP, dATP, and dCTP by 40%, whereas Ara-C showed no effect; b GTI-2040 did not change the NTP pools; however, Ara-C at 10 and 20 μM decreased GTP, CTP, UTP, and dGTP/ATP by 40-60%. dNTP/NTP levels are presented as the percentage of untreated control. Vertical bars are mean ± SD of triplicate experiments with asterisks showing p<0.05 versus control extracellular exposure concentrations. The rate of increase appeared to be first order with respect to the exposure concentration a regression coefficient of 0.9855.
GTI-2040 Reduces M2 mRNA Levels in K562 Cells
Following treatment of K562 cells with 10 and 20 μM GTI-2040 for 24 h, M2 mRNA level was significantly decreased by about 50-60% (Fig. 3a) relative to the untreated control. Treatment of these cells with 5, 10, and 20 μM of Ara-C caused no change in M2 mRNA level, and addition of Ara-C (5, 10, and 20 μM) to the 24 h pretreated cells with 10 μM GTI-2040 for an additional 48 h also did not result in further reduction of M2 mRNA (Fig. 3b) . Pretreatment with Ara-C followed by GTI-2040 did not cause an enhance reduction in M2 mRNA caused by GTI-2040 (data not shown). These data confirmed that GTI-2040 regulates M2 at the transcriptional level and indicated that M2 RNR is not a target of Ara-C.
GTI-2040 Decreases M2 Protein Expression
To investigate the effects of GTI-2040 on M2 protein expression, K562 cells were exposed to either GTI-2040 alone or in combination with Ara-C. As shown in Fig. 4a , GTI-2040 treatments at 5 μM for 24 h did not alter the expression of M2 protein significantly until the concentrations were increased to 10, 20, and 30 μM and that the expression of M2 protein decreased by 60%. This indicates that the downregulation requires a threshold of GTI-2040 concentrations and was exposure concentration dependent. Treatment of the cells with Ara-C alone at 5, 10, and 20 μM did not cause downregulation of the M2 protein (Fig. 4b) .
In the combination study, pretreatment with 10 μM GTI-2040 for 24 h caused a significant reduction in M2 protein as shown above, and subsequent combination treatment with 5, 10, and 20 μM Ara-C did not cause further decrease in M2 protein expression (Fig. 4b) , consistent with the expected mechanism of M2 mRNA downregulation. Taken together, these data confirmed that GTI-2040 but not Ara-C regulates M2 protein at both the transcriptional and translational level.
GTI-2040 Perturbs the Intracellular Ribonucleotide (NTPs) and Deoxyribonucleotide (dNTPs) Pools in K562 Cells
Since M2 is required for catalyzing the reduction of ribonucleoside diphosphates to the corresponding deoxyribonucleotides (2), we would like to probe the intracellular dNTP/NTP pool changes caused by GTI-2040 (17) or Ara-C alone and by their combination. K562 cells were first exposed to 10 μM GTI-2040 for 24 h, followed by treatment with 10 or 20 μM Ara-C for 48 h. dNTPs and NTPs were extracted and measured by the LC-MS/MS method as described above (17) . We have found a significant decrease (~40%) in intracellular dTTP, dATP, and dCTP levels (Fig. 5a ) following 10 μM GTI-2040 exposure alone when compared with the untreated control, but with no effect on the NTP pool. No further decrease was apparent with co-treatment with 10 or 20 μM Ara-C; the small variation due to different Ara-C doses was within the statistical errors. Interestingly, GTP, UTP, CTP, and dGTP/ATP levels were significantly reduced by Ara-C alone (40-60%), but not by GTI-2040 alone or its combination with Ara-C (Fig. 5b) . The lack of change for the latter may be due to the M2 RNR inhibition of GTI-2040.
MTS Assay
Effect of GTI-2040 on Ara-C cytotoxicity in K562 cells was examined following 5 or 10 μM GTI-2040 pretreatment. As shown in Fig. 6a , cytotoxicity of Ara-C alone was observed with an estimated IC 50 of 0.13 μM. Following preincubation with GTI-2040 at 5 and 10 μM for 24 h, IC 50 values of Ara-C were reduced to 0.014 μM (a 9.3-fold increase in cytotoxicity) and 0.012 μM (a 10.8-fold increase in cytotoxicity), respectively. These data were assessed for synergism by the method of Chou and Talalay (18) , and the resulting combination indices were all found to be <1, indicating that their combination generates synergistic effects. Cytotoxicity of their combination in the reverse sequence was also evaluated in K562 cells. As shown in Fig. 6b , cotreatment of K562 cells with Ara-C and GTI-2040 with preincubation of Ara-C at 1 μM reduced the IC 50 values to 0.00076 μM (a 171-fold increase in cytotoxicity compared to Ara-C alone). These data suggest that there were synergistic Fig. 6 . Effect of GTI-2040 on cytotoxicity of Ara-C in K562 cells. a Pretreatment of 5 or 10 μM GTI-2040 via electroporation decreased the IC50 of Ara-C and showed a combination index of <1, indicating synergism; b pretreatment of 1 μM Ara-C followed by the GTI-2040 treatment via neophectin also decreased the IC50 of Ara-C with a combination index of 0.1, indicating profound synergism (all comparisons showed *p<0.05 versus control) effect between GTI-2040 and Ara-C which may be more effective when Ara-C treatment precedes GTI-2040.
HPLC Determination of Ara-CTP and Its Method Validation
As shown in Fig. 7 , Ara-CTP and its internal standard 7-deaza-dGTP were baseline-resolved from all other intracellular dNTP and NTPs in the cell lysate. The retention times for UTP, dTTP, CTP, dCTP, Ara-CTP, ATP, dATP, GTP, and dGTP and 7-deaza-dGTP (I.S.) were 12.3, 13.7, 13.8, 14.4, 16.3, 20.8, 26 .7, 32.9, 37.8, and 42.2 min, respectively. Ara-CTP and 7-deaza-dGTP were identified by their retention times and peak enhancement with spiking of the respective analytes into the cell extracts.
Excellent linearity of the Ara-CTP assay was found between 0.5 μg/mL, the lower limit of quantification (LLOQ), and 50 μg/mL in K562 cell lysate, using a 50-μL sample injection. The within-day coefficients of variation (CVs) for Ara-CTP were 19%, 3.5%, and 4.2% at 0.50, 5, and 50 μg/mL, respectively. The between-day CVs were 6.8% at LLOQ and 0.6-1.6% between 5 and 50 μg/mL for Ara-CTP. The within-day accuracy values for Ara-CTP were 105.5%, 100.1%, and 97.2% at 0.50, 5, and 50 μg/mL, respectively, based on six replicates.
Time-and Dose-Dependent Accumulation of Ara-C in K562 Cells
In order to monitor the accumulation of Ara-C, the concentration-time course of Ara-CTP in K562 cells following its treatment was followed (Fig. 8a) . As shown, Ara-CTP level peaked at 4 h and sustained to 24 h monitored. The accumulation level of Ara-CTP occurred in a dose-dependent manner following Ara-C treatment (Fig. 8b) .
Quantification of Intracellular Ara-CTP Levels Following Ara-C Treatment in Combination with GTI-2040 in K562 Cells
Following Ara-C treatment in combination with various concentrations of GTI-2040 in K562 cells, intracellular Ara-CTP levels were found to increase significantly (Fig. 8c) . Pretreatment with GTI-2040 at 10 and 20 μM caused an increase in Ara-CTP levels by about 50% compared to Ara-C treatment alone, although no significant change in Ara-CTP levels was seen below 10 μM GTI-2040 exposures.
DISCUSSION
In this study, the biochemical modulation effects of Ara-C by GTI-2040 in K562 human leukemia cells were investigated. There are several human leukemia cell lines available, and only K562 cell line was selected to mimic the clinical situation, since this cell line was found to have higher baseline levels of M2 expression (data not shown), which is similar to those responders of AML patients treated with GTI-2040 and high-dose Ara-C (14) . Ara-C is one of the most effective anticancer agents for the treatment of AML, and its therapeutic effect at low or high doses has been extensively studied (24) (25) (26) (27) (28) (29) (30) (31) . It has been reported that the metabolism of Ara-C in vitro was greatly enhanced by RNR inhibitors, such as amidox and trimidox (32) (33) (34) . Clinical combination studies of Ara-C with RNR inhibitors such as fludarabine and chlorodeoxyadenosine demonstrated significant accumulation of Ara-CTP in lymphocytes and sustained inhibition of DNA synthesis in circulating leukemia blasts from patients with leukemia (35) (36) (37) . Thus, it appears that inhibition of RNR could result in inhibition of de novo dNTP synthesis, enhance Ara-C sensitivity, and even overcome Ara-C resistance (38, 39) . However, these RNR inhibitors are primarily small molecules and possess other pharmacological effects. As an antisense RNR inhibitor, GTI-2040 may provide more advantages in combination treatment with Ara-C. First, GTI-2040 is less toxic with its IC50>100 μM in human leukemia K562 cells. Phase I studies of GTI-2040 alone for the treatment of advanced solid tumors or lymphoma indicated that GTI-2040 was generally well tolerated as a single agent with only two patients experiencing a doselimiting reversible hepatic toxicity (10) . Therefore, GTI-2040 will unlikely result in significant adverse effect in combination with Ara-C. Second, GTI-2040 is stable and efficiently inhibits RNR expression through direct base pairing to M2 mRNA, leading to RNR downregulation. On the contrary, conventional deoxyadenosine analogs such as fludarabine and clofarabine are susceptible to enzymatic phosphorolysis by Escherichia coli purine nucleoside phosphorylase and are acid labile. Taken together, GTI-2040 holds promise in combination treatment with Ara-C for human leukemia.
Initially, GTI-2040 was introduced into K562 cells by a neophectin transfecting agent, but later it was found that this method presents several major problems. First, it was found that neophectin and oligofectamine both possess substantial cytotoxicity (with EC 50 values of 4.2±0.6 and 3.3±0.6 μM, respectively). This activity will interfere with the cytotoxicity assessment of GTI-2040 alone and in combination with Ara-C and confound the data interpretation. Second, treatment with transfecting agents also caused a significant interference with the LC-MS/MS measurement of dNTP/NTP pools. We have subsequently found a significant uptake of GTI-2040 via electroporation at about 60-70%, which is comparable to that using a transfecting agent (15) with negligible cytotoxicity itself as a control. For this reason, we employed electroporation for GTI-2040 introduction in all subsequent studies. This is consistent with the finding of Iversen et al. (40) which reported electroporation being the preferred method over lipofection method in delivery of gene or gene products, although none of the above methods has been approved for clinical application.
Following GTI-2040 delivery, our results showed significant dose-dependent downregulation of M2 mRNA and protein in K562 cells. These effects provide an additional experimental validation of the proposed mechanism of GTI-2040 in leukemia cells (7) . Our data also confirmed that when the intracellular M2 expression was reduced by GTI-2040, downstream dNTP pool was perturbed, which may enhance Ara-C's incorporation into DNA (41, 42) .
Our data showed a significant decrease in intracellular dTTP, dATP, and dCTP levels following treatment with GTI-2040 alone or in combination with Ara-C as expected with no change in NTP levels. Interestingly, the GTP, UTP, CTP, and dGTP/ATP pools were significantly reduced by treatment with Ara-C alone (40-60%), and this may be due to salvage or feedback regulations (Ara-CTP conceived as CTP). Alternatively, this could be due to its modulation of synthetases (e.g., CTP synthetase), as it was shown that some pyrimidine antimetabolites could inhibit CTP synthetase causing decrease of CTP level (43) . This enzyme catalyzes the formation of CTP from UTP and plays a role in the determination of cellular CTP and dCTP pools (43, 44) . Possibly, Ara-C inhibits CTP synthetase and, concomitantly, disrupts both the intracellular CTP and dCTP.
Our study also demonstrated a synergistic effect in cytotoxicity in K562 cells with combination of GTI-2040 and Ara-C. The extent of the synergistic effects was more significant when Ara-C treatment preceded the treatment with GTI-2040. Possibly, this further enhancement could be due to the first incorporation of Ara-CTP into DNA to compete with dCTP causing immediate chain termination and blockade of DNA synthesis (45) . Further addition of GTI-2040 may result in an enhanced depletion of dCTP pool, a sustained higher cellular Ara-CTP levels, and thus potentiation of cytotoxicity. Despite these differences, in both treatment orders, we have demonstrated that GTI-2040 enhanced the cytotoxicity of Ara-C in leukemia cells. Based on the cytotoxicity results, alternative sequencing schedules for the combination should be considered in future clinical trial design with careful attention for relevant pharmacodynamic endpoints.
A non-radioactive HPLC-UV method was optimized in our study to quantify the Ara-CTP level in the cell. We first evaluated an ion-pair HPLC method developed by Schilsky and Ordway (46) . However, severe baseline drift during sample analysis hampered the use of this method. Then, we adapted the method developed by Plunkett et al. (47) , using our Shimadzu HPLC system with non-radioactive Ara-CTP. However, we were unable to resolve CTP, dCTP, and Ara-CTP satisfactorily probably due to differences in the use of a different HPLC system (Waters Associate for the published method). After several attempts, we successfully separated Ara-CTP from dNTPs and NTPs using an isocratic elution program with a mobile phase consisting of 0.35 M KH 2 PO 4 and 0.15 M KCl. Notably, none of the published quantification methods for intracellular Ara-CTP utilized an internal standard, which is essential to compensate sample loss during sample workup. Hence, we sought to use a suitable internal standard and found 7-deaza-dGTP to be satisfactory. As shown in Fig. 6b, 7 -deaza-dGTP was baseline-resolved from Ara-CTP and all other intracellular nucleotides and interference substances (Fig. 7) . This method was then applied to analyze intracellular Ara-CTP level following Ara-C treatment, which showed time-and dose-dependent Ara-CTP accumulation (Fig. 8a, b, respectively) . Pretreatment with GTI-2040 at 10 or 20 μM, followed by Ara-C exposure, led to significant enhancement of intracellular Ara-CTP level supporting the role of GTI-2040 potentiation of Ara-C (Fig. 8c) . CONCLUSION GTI-2040 was found to inhibit ribonucleotide reductase by downregulation of M2 mRNA and protein levels. The inhibition of ribonucleotide reductase by GTI-2040 results in an increase in Ara-CTP levels, which was found for the first time. Combination of GTI-2040 with Ara-C produced an increase in cytotoxicity. This provides a laboratory and mechanistic justification for the current phase I/II evaluation of GTI-2040 in combination with Ara-C in patients with acute myeloid leukemia.
